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Palabras Clave: hongos entomopatógenos; control biologico; Anastrepha ludens; fecundidad y fertilidad Purpureocillium lilacinum (Thom.) Luangsa-ard, Hou-braken, Hywel-Jones & Samson (Hypocreales: Ophiocordycipitaceae) is commonly used for the biological control of plant parasitic nematode eggs (Atkins et al. 2005) . There are reports that P. lilacinum causes the death of thrips, aphids, white flies, bugs, beetles, mosquitoes, and some flies (Tigano-Milani et al. 1995; Posada et al. 1998; Gökçe et al. 2005; Fiedler & Sosnowska 2007; Luz et al. 2007; Marti et al. 2007; Panyasiri et al. 2007; Rambadan et al. 2011; Amala et al. 2013; Fernandes et al. 2013; Goffré & Folgarait 2015) . This suggests that this species has the potential for use in biological control for white flies and nematodes in tropical and subtropical zones, because it can grow extensively over the humid surface of leaves and in the plant rhizosphere.
The Mexican fruit fly, Anastrepha ludens (Loew) (Diptera: Tephritidae), is an important pest in Mexico because of the direct damage it causes to citrus (Citrus spp., except C. lemon; Rutaceae) and mango (Mangifera indica L.; Anacardiaceae) fruits (Aluja 1994) . The presence of this insect in Mexico has led to strict quarantine measures for both national and international markets (Aluja & Mangan 2008; Santiago-Martínez 2010) . The integrated management of fruit flies employs environmentally benign techniques that reduce insecticide use, such as augmentative biological control and the sterile insect technique (Gutierrez 2010 ). An additional control method could be the use of entomopathogenic fungi, because they can infect and kill, or produce sublethal effects such as alteration on the mating behavior of the pest populations (Castillo et al. 2000; Tefera & Pringle 2003; Quesada-Moraga et al. 2006; Hajek et al. 2008; Dimbi et al. 2009 ). Metarhizium anisopliae (Metsch.) Sorokin (Hypocreales: Clavicipitaceae) caused 37.5 to 98.5% mortality in A. ludens third instar larvae (Lezama- Gutierrez et al. 2000) , and 86.5 to 97.3% mortality in A. ludens adults (Campos-Carbajal 2000) . Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: Cordycipitaceae) caused 82 to 100% mortality in A. ludens adults (De la Rosa et al. 2002; Toledo et al. 2007) . It also has been reported that Isaria fumosorosea (Wize) (Hypocreales: Cordycipitaceae), formerly identified as Paecilomyces fumosoroseus, causes 10 to 100% mortality in Ceratitis capitata (Wied.) (Diptera: Tephritidae) adults (Castillo et al. 2000) , more than 90% in Rhagoletis cerasi (L.) (Diptera: Tephritidae) flies (Daniel & Wyss 2009) , and less than 48% in Bactrocera cucurbitae (Coquillet) (Diptera: Tephritidae) (Sookar et al. 2008) . This suggests that numerous species may be pathogenic or affect the reproductive potential of tephritid fruit flies. Our aims in this study were to (1) assess the pathogenicity of 9 isolates of P. lilacinum on A. ludens adults, (2) determine the virulence of 2 selected isolates, and (3) estimate the effects of P. lilacinum on the reproduction by females.
Material and Methods

ISOLATE ORIGIN AND IDENTIFICATION
The evaluated P. lilacinum isolates CFFSUR-A53, CFFSUR-A54, CFFSUR-A60, CFFSUR-A62, CFFSUR-A63, CFFSUR-A65, CFFSUR-A66, CFFSUR-A67, and CFFSUR-A68 were obtained from different mycosed instars of Antiteuchus innocens Englemand & Rolston (Hemiptera: Pentatomidae) collected in Altamirano, Chiapas, Mexico (16.725833°N, 92.030833°W) during 2008 and 2009. These isolates were deposited in the plant pathology collection at El Colegio de la Frontera Sur (Tapachula, Chiapas). The fungi were first identified to genus level using their morphological characteristics (Barnett & Hunter 1998) , and to species by comparing the sequence of the rDNA ITS region (ITS1-5.8S-ITS2) of 2 isolates, with sequences in the GenBank, using the BlastN program of the National Center for Biotechnology Information, Bethesda, Maryland, USA (http://www.ncbi.nlm.nih.gov). CFFSUR-A53 and CFFSUR-A62 ITS sequences were deposited at GenBank under the accession numbers KM273262 and KM273263, respectively. We assume that all isolates were the same species.
INOCULA PREPARATION
Prior to each bioassay to test pathogenicity, virulence, and sublethal effects, the isolates were activated and multiplied in potato dextrose agar consisting of 15 g agar, 20 g dextrose, 4 g potato extract, and 1 L distilled water. The isolates were incubated for 15 d at 26 ± 2 °C. The conidia of each isolate were suspended in 0.1% Tween ® 80, and the concentration was determined using an improved Neubauer brightline chamber (Hausser Scientific, Horsham, Pennsylvania, USA) (Goettel & Inglis 1997) . The number of conidia in each suspension was adjusted to the required concentration for each bioassay.
To estimate the viability of each isolate, 250 µL of each suspension was placed in a Petri dish with 1.5% agar in water, dispersed with a spatula under sterile conditions, and incubated at 26 ± 2 °C for 24 h with a 12:12 h (L:D) photoperiod. The percentage of germinated conidia in 5 microscope fields at 40× magnification was determined (Model Dialux 20 EB, Leitz, Wetzlar, Germany). A conidium was considered germinated when the length of the germ tube was at least twice the diam of the conidia (Wraight et al. 2007 ). An isolate was considered viable when > 90% conidia germinated.
FRUIT FLY ADULTS
Anastrepha ludens pupae were provided by the MOSCAFRUT massrearing facility located in Metapa de Dominguez, Chiapas, Mexico (SAGARPA-SENASICA-IICA). Four cohorts from the 17th generation under mass-rearing conditions were provided. After emergence, the flies were sorted by sex and placed in emergence glass cages (30 × 30 × 30 cm). The flies were maintained in the laboratory at 26 ± 2 °C and 70 ± 10% relative humidity (RH) until they were used for the different tests. The flies were fed with a 1:3 (based on w/w) mixture of enzymatically hydrolyzed yeast (MP Biomedicals LLC, Irvine, California, USA) and sucrose. Water was supplied in vials with a cotton stopper.
PATHOGENICITY BIOASSAYS
The pathogenicity of 9 isolates of P. lilacinum was tested on 2,600 flies at 8 d of age. Groups of 52 flies (26 males, 26 females) were placed in test tubes (25 cm height × 2.2 cm diam), and were cooled at 0 °C for 5 min to induce lethargy. Each group of flies was placed on a folder, and the dorsal and ventral sides of the flies were sprayed with 1.5 mL of a 10 8 conidia per mL suspension (Home Depot all-purpose spray bottle F-80HD2-24). This was made separately for each isolate. Subsequently, each group of inoculated flies were placed in a plastic box (23.5 cm height × 12.5 cm diam) covered with a nylon cap. The control flies were chilled in the same way as described above and sprayed with 1.5 mL of 0.1% Tween® 80 only. The plastic boxes containing the different treatments were randomly distributed, and maintained under laboratory conditions at 27 ± 2 °C, 70 ± 10% RH, and a 12:12 h (L:D) photoperiod for 23 d. Five replicates per treatment were used for this assay.
We removed dead flies daily; surviving flies remained in the containers. To confirm that the inoculated fungus caused death, the flies were disinfected with 2% sodium hypochlorite for 20 s, rinsed twice with sterile water, and then placed into a moist chamber (Petri dishes with filter paper moistened with sterile distilled water) to stimulate the development of the inoculated fungus (Butt & Goettel 2000) . The mortality observed in each treatment was quantified by recording the number of dead flies per d. The data were used to estimate the percentage of mortality produced by mycosis and the median lethal time required to kill 50% of the treated population (LT 50 ). These data were analyzed by 1-way ANOVA, and the mean mortality values were compared using the Tukey test (P ≤ 0.05).
The inoculation efficiency was estimated by quantifying the number of conidia attached to the body of the inoculated flies. Two flies removed from each replicate and treatment were placed in vials, and rinsed with 1 mL of 0.1% Tween ® 80. The vials were then individually shaken for 2 min in a vortex mixer (Fisher Scientific Industries, Inc., Bohemia, New York, USA) at 500 rpm, so the conidia attached to the body of the flies could enter into the suspension. The number of conidia was quantified using a Neubauer chamber. Averages of 1.21 × 10 6 (SE ± 0.79) conidia were attached to the body of the flies.
VIRULENCE BIOASSAY
Two isolates were evaluated at 5 concentrations of conidia suspension: (1) CFFSUR-A53 (10 4 , 10 6 , 10 8 , 10 10 , 10 11 conidia per mL), and (2) CFFSUR-A60 (10 4 , 10 6 , 10 8 , 10 10 , 5 × 10 10 conidia per mL). For this assay, each conidia concentration of each isolate was inoculated on a group of 52 (26 males, 26 females) 8-d-old flies, with 1.5 mL of a conidia suspension in 0.1% Tween ® 80. The inoculation process was similar to that described for the pathogenicity assay in the previous section. A random experimental design with 5 replicates was used, and each experimental unit had 50 flies from different cohorts. The lethal concentration required to kill 50% of the flies (LC 50 ) and the LT 50 were used to determine the virulence of the isolates.
A probit analysis of the mortality observed at 30 d was performed to calculate the LC 50 and the LT 50 . Values were estimated by the proportional Cox model using survival data with the statistical package R (R Development Core Team 2010). To determine the significance of the observed differences between the isolates and concentrations, the mean was compared using 99.5% fiducial limits (Agresti 2006 ).
EFFECT OF PURPUREOCILLIUM LILACINUM ON FECUNDITY AND FERTILITY
The effects of the CFFSUR-A53 and CFFSUR-A60 isolates on the fecundity and fertility of A. ludens adults were evaluated applying a suspension of 10 10 conidia per mL over a group of 52 (26 males, 26 females) 8-d-old flies per isolate per repetition. From the treated flies, 2 flies were selected and analyzed in order to check the inoculation efficiency. The control group was sprayed with 0.1% Tween® 80. Each experimental unit had 50 flies. A random experimental design with 3 treatments and 5 replicates (15 experimental units) was used. Dead flies were removed daily. An oviposition device was placed at 1 end of each experimental unit to facilitate egg collection. The oviposition device was constructed with a plastic ring (4 cm height × 10 cm diam) covered with a black cloth, then covered with a thin layer of silicone on 1 side. To prevent dehydration of the eggs, 50 mL of water was added to the device. Every 24 h, the oviposition device with the eggs was removed, and a new oviposition device was placed. The effect of treatments with P. lilacinum infection on fly fecundity was quantified by recording the number of eggs laid in the oviposition device daily during 40 d. The eggs were removed from the device with a dropper, then placed on a black cloth that was placed over a sponge saturated with water on a tray. The eggs were placed in a row with a brush for counting. The number of eggs laid by a female per d was then recorded.
To estimate the effect of the treatments on fertility, a sample of 50 eggs per replicate was collected daily over 40 d. To avoid dehydration, the eggs were arranged on a black cloth and placed over a sponge saturated with water, which was subsequently placed in a Petri dish (FAO/ IAEA/USDA 2003). Hatching was recorded after 5 d of incubation. The laboratory conditions during the experiment were 24 ± 2 °C, 70 ± 10% RH, and a 12:12 h (L:D) photoperiod.
To analyze the differences in A. ludens survival, fecundity, and fertility caused by P. lilacinum infection, a demographic analysis of the data (Carey 1993 ), 1-way ANOVA, and a Tukey test (P ≤ 0.05) were performed. To estimate the percentage reduction of fecundity and fertility, the Abbott formula was applied (Abbott 1925).
Results
PATHOGENICITY AND VIRULENCE OF PURPUREOCILLIUM LILACINUM ISOLATES ON ANASTREPHA LUDENS ADULTS
Purpureocillium lilacinum isolates showed different abilities to infect and kill A. ludens adults, according to Tukey multiple comparisons (F = 61.1; df = 9, 40; P < 0.05). The highest mortality was produced by isolate CFFSUR-A53 (52.4%), and the lowest mortality was observed for isolate CFFSUR-A65 with 28.8% (Table 1) . Isolates CFFSUR-A53 and CFFSUR-A62 required 18 d to kill 50% of the treated flies, whereas the remaining isolates required more than 20 d.
The virulence of isolate CFFSUR-A53 was higher than that of isolate CFFSUR-A60, because the former required a lower concentration of conidia (7.62 × 10 6 conidia per mL) to kill 50% of the flies, whereas the latter required 682 times more conidia to produce the same level of mortality (5.20 × 10 9 conidia per mL), and this was statistically significant ( Table 2 ). The slopes of the regression equations between concentrations and mortality were 0.1842 ± 0.017 for CFFSUR-A53, and 0.2358 ± 0.023 for CFFSUR-A60 (Table 2) . The χ 2 test showed that the data fit the Probit model (χ 2 = 0.0239; df = 3; P = 0.988; and χ 2 = 0.334; df = 3; P = 0.846).
EFFECT OF PURPUREOCILLIUM LILACINUM ISOLATES ON SUR-VIVAL, FECUNDITY, AND FERTILITY OF ANASTREPHA LUDENS
When females were infected with P. lilacinum, the survival rates of adult males and females of A. ludens were reduced, as were the fecundity and fertility of the females. Survival curves are shown in Fig-ure 1. Life expectancy of flies treated with CFFSUR-A53 and CFFSUR-A60 strains were 22 and 39 d, respectively, whereas for the untreated flies, it was 62 d (Table 3 ). These results indicate that the survival of flies infected by isolates of P. lilacinum was reduced by 65 and 37%, respectively.
Purpureocillium lilacinum infection produced 3 different effects on female fecundity: (a) CFFSUR-A53 isolate reduced the mean net fecundity (lifetime egg production per newborn female [Carey 1993]) by 78%, where the inoculated flies laid 247 eggs per female, whereas the non-treated flies laid an average of 1,131 eggs per female (Table  3) ; (b) infection delayed the time to maximal egg laying per female by 3 d; and (c) infection shortened the oviposition period as a result of mortality (Fig. 2) .
Purpureocillium lilacinum infection also reduced egg fertility. On average, only 52.6 and 62.5% of the eggs hatched from flies infected with isolates CFFSUR-A53 and CFFSUR-A60, respectively, whereas eggs from the non-treated flies had an average hatching of 76.7%, showing a reduction in hatching of 31.4 and 18.5%, respectively.
Discussion
Results from the pathogenicity bioassays confirmed that P. lilacinum isolates were pathogenic to insects (Fiedler & Sosnowska 2007; Rambadan et al. 2011) . We found interspecific variation in both the pathogenicity and virulence bioassays. Intraspecific variation has been reported for other entomopathogenic fungi (Hajek & Leger 1994) . Based on the LC 50 values of the isolates evaluated in this study, strain CFFSUR-A53 seems to be less virulent than some other pathogen species. For example, isolates of B. bassiana (applied at 5.13 × 10 5 to 9.07 × 10 6 conidia per mL) and M. anisopliae (4.38 × 10 6 to 9.47 × 10 6 conidia per mL) kill more quickly (Campos-Carbajal 2000; De la Rosa et al. Table 1 . Average mortality (± SE) produced by infection of 9 Purpureocillium lilacinum isolates on Anastrepha ludens adults (Concentration inoculated 10 8 conidia per mL; N = 250 flies per treatment).
Strain code
Mortality by mycosis (% ± SE)* CFFSUR-A53 52.4 ± 2.1 a** CFFSUR-A62 51.6 ± 2.0 a CFFSUR-A54 44.4 ± 3.4 ab CFFSUR-A68 39.2 ± 3.4 abc CFFSUR-A67 37.6 ± 1.9 abc CFFSUR-A66 36.0 ± 3.5 bc CFFSUR-A63 32.0 ± 2.7 bc CFFSUR-A60 31.2 ± 1.6 bc CFFSUR-A65
28.8 ± 2.9 c Control -*Values in the same column followed by the same letter are not significantly different (Tukey P ≥ 0.05).
**Total mortality to 21 d post inoculation. CFFSUR-A53 7.619 × 10 6 a 1.408 × 10 6 -1.317 × 10 7 g = 0.184 c -1.222 CFFSUR-A60 5.203 × 10 9 b 8.083 × 10 8 -9.518 × 10 9 g = 0.236 c -2.228 *Values in the same column followed by the same letter are not significantly different according their fiducial limits at 95%. c = Log10 (doses).
2002
). The LT 50 values obtained for CFFSUR-A53 (18-54 d) compared to B. bassiana (2.82-5.9 d) and M. anisopliae (4.07-4.95 d) confirm that the isolate is less virulent because it requires more time to kill. This is consistent with the concept of Steinhaus and Martignoni (1970) who defined virulence as the power or force with which the disease occurs in the host. The low virulence of P. lilacinum compared with other entomopathogenic fungi species could be related to the low production of toxins, proteases, and chitinases associated with the infection process of this fungus (Khan et al. 2004) . Virulence is a characteristic regulated by the expression of genes that encode extracellular proteins or toxins (Quesada-Moraga & Vey 2003; Gao et al. 2011; Ortiz-Urquiza et al. 2010; Pedrini et al. 2013; Staats et al. 2014) . The expression of genes can be modified by the density and viability of the inoculum (Herlinda 2010) , the number of subcultures, and the nutritive quality from culture medium where the inoculum is multiplied, and finally the inoculation methods and environmental conditions in which the experiment is conducted (Quesada-Moraga & Vey 2003; Ortiz-Urquiza et al. 2010; Inglis et al. 2012) . It is possible that the differences in virulence mentioned above could be accentuated by differences on inoculation efficiency methods used in the tests. The immersion method is recommended for small insects (like aphids), but with larger insects a homogeneous distribution of the inoculum is not achieved. On the contrary, the spray method allows for adjusting the droplet size and distribution density of the inoculum deposited on insects (Inglis et al. 2012) . Other authors suggest that the nutritional value of the medium on which the entomopathogenic fungus grows can promote the synthesis of enzymes and toxins closely related to the virulence and pathogenesis process. Ortiz-Urquiza et al.
(2010) reported that nutritive media increased the pathogenicity expression of B. bassiana isolates. However, after 2 steps by Sabourad Dextrose Agar, the isolate virulence decreased. The major effect is obtained by inoculating the suspension on its host (Quesada-Moraga & Vey 2003) .
Sublethal effects of entomopathogenic fungi on its host can affect the host behavior and reduce the rate of reproduction. Isolate CFFSUR-A53 reduced egg laying from 1,131 to 247 eggs per female, and the mechanism of this reduction in fecundity is unknown. Therefore, it will be important to investigate the cause of this observed reduced fecundity caused by P. lilacinum infection.
Purpureocillium lilacinum infection also caused a reduction in egg hatch, or fertility. As far as we know, this is the first report of reduced fertility in A. ludens caused by fungal infection, because other authors (Toledo et al. 2007) found no significant differences between the percentages of eggs hatching from B. bassiana-infected females and those hatching from uninfected females. According to Huang et al. (2010) , I. fumosorosea reduced the net reproductive rate (Ro) and the intrinsic rate of population growth (r) of Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae). Several authors have noted that many types of entomopathogenic fungi decrease the survival of subsequent generations after infection of the adults. Torrado-Leon et al. (2006) reported that survival was decreased in 3 generations after the infection of B. tabaci by B. bassiana, and the most noticeable effect was on the F1 generation. We do not know whether infection with P. lilacinum can be transmitted vertically. Therefore, it will be important to study the effect of P. lilacinum infection on A. ludens offspring and further generations.
Adults infected with isolates of P. lilacinum had a greater survival rate compared to that reported by Toledo et al. (2007) for adult flies infected with B. bassiana. The pathogen strategy of slowly killing its host may be the result of an adaptation process that allows the pathogen to survive for long periods in the host before it infects a new host (Roy et al. 2006) .
In our opinion, the P. lilacinum isolates are likely to be more epizootic in the field than are B. bassiana isolates because they kill slowly and allow cross-infection with other uninfected flies. The slow killing effect may be useful for the horizontal transmission of entomopathogenic fungi (Kaaya & Okech 1990; Maniania 1998; Klein & Lacey 1999; Dimbi et al. 2003; Quesada-Moraga et al. 2008) . Toledo et al. (2007) proposed to inoculate sterile fruit flies with fungi for horizontal transmission of the pathogen during mating and interactions with wild flies. They noted that a limitation of this method was that B. bassiana isolates showed a relatively short lethal time (LT 50 of 4.04-4.20 d), reducing the opportunity for transmission to healthy insects, and possibly reducing the sterile fly population. Toledo et al. (2007) suggested that the use of strains with longer lethal times could be more efficient from a practical viewpoint. Thus, the use of P. lilacinum, a slow killing agent, could be useful in the field because it could allow a higher rate of transmission and a larger number of infected wild flies compared to the use Table 3 . Demographic parameters of Anastrepha ludens adults infected with Purpureocillium lilacinum isolates (CFFSUR-A53 and CFFSUR-A60) and untreated adults*. of B. bassiana. The potential of this approach for pest control needs to be evaluated. In this study, we demonstrate that P. lilacinum isolates have the potential to infect and kill fruit flies. However, future investigations are required to evaluate its effect under field conditions, and to determine the most viable route for its application.
